The performance of a commercially available ELISA for detection of antibodies to Mycobacterium paratuberculosis was evaluated using sera from 1,146 cows. Samples were from uninfected cattle, infected subclinical cattle shedding low numbers of organism in feces, subclinical heavy shedders, clinical cases, and randomly selected cattle in a slaughterhouse survey for paratuberculosis. The overall sensitivity of the test, using the manufacturer's recommended cutoff was 45% ± 4.8%, and the specificity was 99% ± 0.9%. The ELISA result was significantly correlated with the number of colonies of M. paratuberculosis detected by fecal culturing. The sensitivity of the test was highest for clinical cases of paratuberculosis (87% ± 8.4%), and lowest for subclinical, light-shedding cattle (15% ± 6.6%). Changing the cutoff point did not improve performance of the test. Evaluating ELISA results with a kinetics-based method reduced plate-to-plate variation in results but did not improve performance of the test based on receiver-operating characteristic curve analysis.
Paratuberculosis is an infectious enteric disease of ruminants caused by Mycobacterium paratuberculosis. Clinical signs of the disease include diarrhea, weight loss, and edema, but most infected cattle show no clinical signs except in the advanced stage of the disease. Control of the disease depends on identification and removal of infected animals to prevent further transmission to other herd members. Attention has focused on serologic methods of diagnosis, because of the test cost and prolonged incubation time of the fecal culture test. Development of enzyme-linked immunosorbent assay (ELISA) and agar gel immunodiffusion serologic tests for identification of infected animals has been described. 11, 14, 15 An ELISA employing preabsorption of sera with Mycobacterium phlei is now commercially available in the United States. 2, 3 The diagnostic sensitivity of the test was reported as 47.3%, based on testing of samples from 150 infected cows with no clinical signs of paratuberculosis, with a specificity of 99% based on results from 196 uninfected cows. 2 The purpose of this study was to characterize the performance of the commercial ELISA test using a large panel of sera (1,146 cows) and using cattle with well characterized stage of infection (e.g., clinical suspects, low fecal shedders, or light infections, etc.). The further purpose of this study was to report the effect of varying the cut-off point on sensitivity and specificity.
Materials and methods
Specimens. Serum samples from 408 unvaccinated cows infected with M. paratuberculosis were used for evaluation of test sensitivity (Table 1 ). Samples were chosen to represent the broad spectrum of bovine paratuberculosis, i.e., clinical, subclinical, heavy shedding, and light shedding and to permit direct comparison with previous studies through testing of common samples (Group E).
Group A cows (n = 62) were suspected to have paratuberculosis by the attending veterinarian because of clinical signs including diarrhea or weight loss and were confirmed infected by fecal culture. Group B cows (n = 41) were identified by fecal or ileocecal lymph node culture in a random survey of cull dairy cows at slaughter, selected without regard for history or clinical signs of paratuberculosis. Group C cows (n = 60) and Group D cows (n = 114) were subclinical (i.e., no clinical signs) cows identified as infected from whole-herd fecal culture surveys conducted as part of the paratuberculosis control program in those herds. Those cows that were heavy fecal shedders (≥ 10 colonies per culture tube) were assigned to Group C, and light fecal shedders (< 10 colonies per tube) were assigned to Group D. Group E samples (n = 131) were purchased from the National Repository for Paratuberculosis Specimens housed at the University of Wisconsin, 12 representing another group of subclinically infected cows identified by fecal culture or tissue culture.
Overall specificity of the test was determined using only unvaccinated fecal culture-negative cows from herds with no history of paratuberculosis or from cows confirmed negative by histologic examination and culture of tissues (ileum, ileocecal lymph node) following slaughter (n = 485, Table 2 ). Group F samples (n = 263) were from cull cows selected in the slaughterhouse survey whose fecal and tissue cultures for M. paratuberculosis were negative. Group G samples (n = 50) were obtained from a herd with no history of paratuberculosis, and all cows were fecal culture-negative. Group H samples (n = 172) were from the National Repository, consisting of culture negative animals from herds with no history of paratuberculosis. 12 Samples in Group E and Group H were chosen to permit comparison with previous studies using the same source of specimens. 2 Additional samples were obtained for evaluation of test specificity relative to fecal culture, but were not included in the overall specificity calculation because of the possibility that fecal culture-negative cows from infected herds could be infected but not shedding detectable quantities of organism, and thus be misclassified as uninfected. Group I cows (n = 87) were adult cows from infected herds, each cow being fecal culture-negative on all (at least 3 semiannual) tests following collection of the serum sample. Group J (n = 139) samples were from bulls housed at a commercial stud, each bull having at least 3 negative fecal culture tests prior to collection of the serum sample. Group K samples (n = 27) were from cows suspected to have paratuberculosis by the attending veterinarian, based on clinical signs of diarrhea or weight loss, but whose fecal culture results were negative. No diagnosis was available for these animals. These groups were included to determine the prevalence of positive serum ELISA results in fecal culture-negative cattle that were possibly exposed to M. paratuberculosis on infected premises, but did not fit the stricter criteria for inclusion in the specificity analysis.
Mycobacterial culturing. Animals in Groups B and F (slaughterhouse survey) were classified as infected or uninfected on the basis of fecal and ileocecal lymph node culture by "conventional" methods employing sedimentation of organisms followed by culture on Herrold's egg yolk medium. 10 Animals in Groups A, C, D, G, I, J, and K were tested using a more sensitive technique employing centrifugation to concentrate organisms before inoculation on Herrold's egg yolk medium. 9,13 Animals in Groups E and H (National Repository) were cultured by a variety of methods including conventional fecal culture and radiometric culture. 12 ELISA testing. All samples were subjected to the commercial ELISA using the instructions provided by the manufacturer.= Wash steps were completed with an automated washer. b Plates were read with an automated plate reader c linked to a computer. On each 96-well plate, 84 serum samples were tested in single wells. The samples were randomly assigned to plate and well location, and coded so that the technician was unaware of the source of the sample. The negative and positive control samples provided by the manufacturer and 4 additional control samples with varying an- tibody concentration were run in duplicate on each plate (first 6 and last 6 wells) to permit analysis of the reproducibility (run-to-run and well-to-well) of the test. Samples were classified as positive if the sample final absorbance reading at 450 nm (OD 450 ) minus the negative control OD 450 was ≥ 0.1, as recommended by the manufacturer. The negative control in the last well was used for comparison to sample OD 450 , also as recommended by the manufacturer.
In addition to the single OD 450 measurement recommended by the manufacturer, a kinetics-based method (KELA) was used. 7 During the conjugate-substrate reaction, OD 450 was measured at 1, 3, and 5 minutes, and the slope of the OD 450 vs. time curve was determined by linear regression. This KELA slope is proportional to the reaction rate and thus the amount of antibody in the sample. This method may eliminate some of the sources that contribute to variation in single OD readings, such as differences in well opacity and variation in incubation time. Subsequent analyses were performed using both the final OD 450 (compared to negative control) and the KELA slope for each sample.
Statistical analysis. Spearman correlation coefficient was calculated for KELA vs. sample OD 450 , and for KELA vs. sample OD450 -negative control OD450. Coefficient of variation (CV) was calculated for the 6 control samples repeated on 14 plates, and analysis of variance and variance component estimation were used to compare the well-to-well variation with the plate-to-plate variation for the control samples. A significance level of 0.05 was used.
The sensitivity and specificity of the ELISA depend on the chosen cutoff point. Sensitivity and specificity were calculated for sequentially increasing cutoff points beginning with sample OD 450 -negative control OD 450 = 0, and increasing in increments of 0.01 to 0.4 (note that the manufacturer recommends a cutoff point of 0.1). Sensitivity was calculated as the number of samples with OD 450 -negative control OD 450 ( ≥ cutoff point) divided by the total number of infected cows. Specificity was calculated as the number of samples with OD 450 -negative control OD 450 (<cutoff point) divided by the number of uninfected cows. These calculations were performed for each group, and for the grouped samples, excluding Groups I, J, and K from the overall specificity calculation as stated previously.
Receiver-operating characteristic (ROC) curves 5 were constructed by plotting sensitivity vs. 1 -specificity (false positive rate). Area under the ROC curve was calculated using the trapezoidal rule. 4-6 Similar calculations were performed using the KELA values for each sample, sequentially increas- Table 3 . Mean and coefficient of variation (CV) for OD 450 , OD 450 -negative control OD 450 , and KELA slope for 6 control samples run 14 times.* ing the KELA cutoff point from 0 to 30 in increments of 1, and constructing ROC curves. The area under the ROC curve for OD was compared with that for KELA by calculating a z statistic after adjusting standard error of area under the curve for correlation due to use of the same subjects for both tests. 4, 6 For the infected cows from groups A, C, and D, the fecal culture results were recorded as the number of colonies per culture tube. Spearman correlation coefficient was calculated for OD 450 vs. fecal culture colony count, OD 450 -negative control OD 450 vs. fecal culture colony count, and for KELA slope vs. colony count to test the hypothesis that higher antibody concentrations are correlated with heavier fecal shedding of M. paratuberculosis.
Results
The Spearman correlation coefficient for OD 450 vs. KELA for the 1,146 samples was 0.74. The Spearman correlation coefficient for OD 450 -negative control OD 450 vs. KELA was 0.59. In both instances, the correlation was significant (P < 0.0001).
The coefficients of variation for the 6 control samples run on 14 plates were determined (Table 3) . Generally, the CV was higher for the negative samples than for the positive samples, when OD 450 -negative control OD 450 or KELA slopes were used, but this was not observed when comparing CV for raw OD 450 . In particular, the mean OD 450negative control OD 450 (and thus the denominator in the CV quotient) were so close to zero, that the CV were exceptionally high for the negative samples. The plate-to-plate variation was significant (P < 0.05) compared with the well-to-well variation, when OD 450 or OD 450 -negative control OD 450 were evaluated; the plate-to-plate variation was not significant when KELA results were evaluated. Variance component analysis showed that plate-toplate variation contributed 83% of the variance when OD 450 was used, but only 6% of the variance when KELA was used.
The plate-to-plate variation among the 6 control samples did not affect the test result with respect to the recommended cutoff point of 0.1. However, for samples with ELISA result close to the cutoff point, plate-to-plate variability could result in the same sample having the opposite result on a subsequent run. Of the 408 samples from infected cows in this study, 5 had ELISA results (sample OD minus negative control OD) between 0.08 and 0.10, and 9 had ELISA results between 0.10 and 0.12. A run-to-run difference of 10% 20% could result in reclassification of a sample. While this would not influence the calculation of sensitivity in the current study, individual cow's results could be affected. Of the 485 uninfected cows, only 1 had an ELISA result between 0.08 and 0.10, and none were between 0.10 and 0.12.
The distribution of OD 450 -negative control OD 450 are in Fig. 1 . The negative cows are clustered below the recommended cutoff point (0.1) but the infected cows are broadly distributed on both sides of the cutoff, resulting in considerable overlap of ELISA results from infected and uninfected cows, demonstrating the difficulty with serodiagnosis of paratuberculosis in cattle. This overlap prevents selection of a cutoff point that separates infected and uninfected cows into distinct groups. The overall sensitivity of the test, using the 408 uninfected cows and using the manufacturer's recommended cutoff, was 45% ± 4.8% (± 95% confidence limit). The overall specificity, using the 485 confirmed uninfected cows (i.e., excluding groups I, J, and K) was 99% ± 0.9%. using KELA slopes instead of the adjusted OD 450 , did not result in apparent differences in the nature of the distribution of ELISA results (data not shown). When a KELA cutoff was chosen that provided a test sensitivity of 45%, the specificity was 96.7% ± 1.5%. Table 1 demonstrates the influence of sample group on the sensitivity of the test. Using the manufacturer's cutoff point (0.1), the sensitivity (±95% confidence limit) of the test was 87% ± 8.4% in the clinical suspect cows (group A), 75% ± 11% in the subclinical heavy shedders (group C), and 15% ± 6.6% in the subclinical Figure 1 . Frequency distribution of ELISA results for infected cows (n = 408) and uninfected cows (n = 485).
Optical density above negative control (OD units) low shedders (group D). For the National Repository (Group E) samples and the slaughterhouse (Group B) samples, which represented heterogeneous populations of light and heavy infections, the sensitivities were 41% ± 8.4% and 32% ± 14%, respectively. Table 2 demonstrates the influence of sample group on the specificity of the test. All of the samples in group G (uninfected herd) and H (National Repository samples) were test-negative at the recommended cutoff. There were 5 false positives from group F (slaughterhouse samples, specificity = 98% ± 1.6%). There were no ELISA-positive samples from the fecal culture-negative cows from infected herds (group I, "exposed" cows). There was one ELISA-positive bull (group J, specificity relative to fecal culture = 99.2% ± 1.4%). Of the fecal culture-negative clinical suspect cows (group K), 24 of 27 were ELISA test-negative (relative specificity = 88.9% ± 11.9%). Figures 2 and 3 demonstrate the effect of changing the cutoff point on sensitivity and specificity respectively. Lowering the cutoff point to negative control OD 450 + 0.04 only increases sensitivity (total for all groups) to 49% ± 4.8%, and even if the cutoff is lowered to equal the negative control OD 450 , the sensitivity would only reach 71% ± 4.4%. The curve is particu- larly steep in the lower cutoff regions of the curve for the subclinical light-shedding cows (group D), because of the large number of cows with ELISA results below or just above the negative control OD 450 in those groups. Lowering the cutoff to negative control OD 450 + 0.04 only lowers specificity to 97% ± 1.6%, but lowering further causes greater losses in specificity (64% ± 4.6% when cutoff = negative control OD 450 ). Thus, changing the cutoff point would not apparently improve the performance of the test.
Receiver-operating characteristic curves are in Fig.  4 . The area under the curve (±SE) when test result is based on the OD 450 -negative control OD 450 was 0.756 ± 0.017. The area under the curve when the test result was based on the KELA slope was 0.745 ± 0.016. The difference between the areas under the curves was not significant.
The Spearman correlation coefficient for ELISA OD 450 negative control OD 450 vs. fecal culture colony count was 0.65, and for KELA slope vs. colony count was 0.64. The correlations were statistically significant (P < 0.0001).
Discussion
The repeatability of the ELISA results in the present study (CV = 6. 6.1%-25.2%) was similar to that reported in a multiple laboratory study (CV = 14.5% ± 9.8%). 1 In the present study, plate-to-plate variation was significantly greater than well-to-well variation when OD 450 values were used. Use of the KELA slope values reduced the variation as expected. Plate-to-plate (day-to-day) variability was also greater than among-well variation in the previous study. 1 The overall sensitivity and specificity of the test, using the manufacturer's recommended cutoff point were similar to those reported in previous studies (sensitivity = 47%, specificity = 99%). 2, 3 This study demonstrates the effect of stage of infection on serodiagnosis. The subclinical, light-shedding cattle were usually seronegative, whereas heavily infected animals were usually seropositive. These results suggest that in most cows, in the early stages of infection when fecal shedding is low, the humoral antibody response is below the limit of detection, and currently available serologic tests are inadequate to detect those animals. As the infection progresses, the humoral response increases, such that heavy fecal shedders and clinically affected cattle are more readily detected. The significant correlation of ELISA results with fecal culture colony count is further evidence of this relationship. By extrapolation (although not tested in this study), this would further suggest that serodiagnosis will not be useful for detection of infected animals very early in the course of the infection before they shed detectable M. paratuberculosis in feces, which would be of great utility in controlling the transmission of the disease.
The area under the ROC curve is a measure of the performance of the test, with a perfect test having an area under the curve of 1.0, and a nondiscriminating test having an area of 0.50. The area under the curve in the present study (0.756) was similar to the range reported in a previous study 9 using a different test antigen (0.53-0.79).
Providing the actual test result (i.e., OD units above negative control) rather than simply the dichotomized result may be beneficial for veterinarians advising clients on culling decisions. Because of the run-to-run variability, and the high number of infected cows with ELISA results just below the cutoff, cows classified as seronegative but with results just below the cutoff should be viewed with suspicion and targeted for additional testing.
The results of this study demonstrate the strengths and limitations of the currently available serodiagnostic test for paratuberculosis in cattle. The test is useful for detection of heavily infected or clinical cases of paratuberculosis, and the specificity is good. However, the test is unable to detect low shedding or early infections that may be detected by sensitive fecal culture using centrifugation. The poor sensitivity of the serotest among light infections is not unique to this ELISA but has also been observed with ELISA employing different antigens 9 as well as complement fixation 9 and agar gel immunodiffusion tests. 11 This would suggest that the low sensitivity is due to lack of antibody pro-2.
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duction incows in early infection, as opposed ability of the tests to detect antibodies. Other to indiagnostic tests, such as those detecting cell-mediated immune responsiveness to M. paratuberculosis, may be more useful in detecting early infection.
